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Certain  Theoretical  Prerequisites  on  the  Construction  of  Metal* 

Lika  ^fractorlea 

by 

0.  Y.  Samsonov  and  T,  3.  Heshpor 

! 

In  this  report  are  discussed  the  prinsipal  possibilities  of  preparing  heat  res* 
istant  alleys.  It  is  pointed  out  in  particular*  that  for  effective  utilization  of 
netal-like  compounds  in  role  of  refractory  materials  is  necessary  to  obtain  compounds 
possessing  not  too  high  forces  of  interatomic  reaction  and  at  the  same  time  a  very 
Croat  mass  of  the  structural  oemplex*  which  will  increase  the  ability  of  these  substan¬ 
ces  toward  relaxation  of  elastic  stresses*  reduce  their  brittleness  and  increase  m. 
slats nos  to  thermal  impact* 

The  continuously  growing  requirements  set  forth  for  refractories  for  all  their 
parameters  -  strength  at  high  temperatures*  resistance  against  t hemal  impact*  cor¬ 
rosion  and  erosion  stability*  prompt  the  necessity  of  thoroughly  examining  solid  high 
malting  substances*  which  appear  to*  in  particular *metal  like  carbides*  nitrides, bo¬ 
rides  and  silicides jrj. 

The  clearest  basic  principles  of  creating  heat  resistant  fusions  haVe  been  formu¬ 
lated  by  academician  A,A»Bochvar^2^«  It  classifies  possible  methods  of  increasing 
the  strength  of  metals  and  alloys  at  high  temperatures  into  the  following  four  groups! 

l)method  of  distorting  the  crystalline  lattice  at  mechanical  deformation  at  low 
temperatures)  2)  by  forming  solid  solutions)  3)  during  the  formation  of  a  highly  dis¬ 
persion  mixture  of  phases)  4)  upon  the  introduction  into  the  alloy  of  components* 
forming  a  more  solid  phase  in  form  of  skeleton  between  the  grains  of  the  basic  ne4«J 
and  alloy* 

The  first  two  of  these  methods  are  connected  with  reinforcing  by  distorting  the 
crystalline  lattloa  or  by  increasing  the  forces  of  interatomic  reaction  in  solid  so- 
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luticue  and  the  two  remaining  ones  -  with  the  difficult}’  of  sliding  by  heterogenizatioa  of 
structure,  whereby  the  most  effective  appears  to  be  the  for  nation  of  skeleton  or 
screen  of  heat  resistant  phase  of  the  alley* 

In  natal  fusions  (alloys)  the  strengthening  effect  of  lattice  distortion  with  a 
rise  in  temperature  weakens  as  result  of  rise  in  the  nobility  of  atoms  and  develojnent 
of  diffusion  processes,  leading  to  the  renova 1  of  the  stressed  state  or  to  ordering 
the  structure  of  solid  solutions* 

In  case  of  skeletal  nature  of  formation  of  a  strengthening  phase  there  is  a  reduc¬ 
tion  in  strength  upon  beating  which  is  due  to  the  rise  in  solubility  of  thi^phase 

l 

in  basic  alloy* 

fresu  the  view  point  of  these  heat  resistance  principles  are  highly  interesting 
metal-like  compounds*  &  considerable  part  of  which  is  either  constructed  by  the  type 
of  introduction  phases,  or  contain  structural  elements, distorting  and  reinforcing  the 
crystalline  lattice, 

i 

Carbides  of  a  series  of  transient  netals  represent  typical  phases  of  introduction* 

l 

i*e*lattices  of  metallic  atoms,  in  the  pores  of  which  are  introduced  metalloid-oarbon 
atoms  (fig*l),  with  the  adherence  to  metal  atom  and  metalloid  radii  Rj*  ^*0*59  • 

An  analogous  structure  is  also  possessed  by  mazy  nitrides*  It  is  apparent, that 
the  introduction  of  carbon  atoms  into  the  pores  of  metallic  cells  as  well  as  the  for¬ 
mation  of  carbon  atom  chains  (for  example,  in  chromium  carbides)  leads  to  the  hard¬ 
ening  of  crystalline  lattice  and  hampering  of  displacement  deformation* 

Borides  of  transient  metals  according  to  Kiealing{3j  are  characterized  by  strong 
bends  between  the  boron  atoms,  whereby  these  bonds  become  strengthened  with  an  in¬ 
crease  in  boron  content  in  boride  phases*  And  so,  in  Me^B  and  l-h^  type  canpounds  the 
boron  atoms  are  isolated  from  each  other,  in  I-ie3  conpouads  are  formed  zig-zag  like 
single  chains,  in  Ma^B^  -  binary  chains,  in  MeB^-(fig^2)  screens  and,  finally,  in 
I-jeB^MaBg  and  liaB^  compounds  -  a  three  dimensional  lattice,  in  the  pores  of  which 
are  situated  metal  atoms*  Xhsollel  with  the  complication  of  structural  elements 
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Fig.l.Introduc  tion  phases  with  dense  Fig.2»Structural  elements  of  bar  da  a tana 
cubical  pecking  of  metallic  atcmst  l—atcms  in  lattices  of  boridost  a-isolatod  boron  at  ana 
of  metal)  2— carbon  or  nitrogen  atoms*  (MsgB  borides);  b-chains  of  baron  atoms 

'  '  (MeB)  |  c-  doubled  boron  atom  chains  (MeaBj.)) 

I  d)  screens  (MeiBg  borides)* 

Silicides  of  high  melting  transient  metals •  formed  no  longer  by  the  principle  of 

introduction  but  by  the  principle  of  replacing  metallic  atoms  of  silicon * 

Formation  of  graphito-lika  flat  layer  of  silicon  atoms  in  structures  of  nany  sill* 

sides  (fig.3)  leads  to  their  low  resistance  to  deformation*  low  hardness*  low  melting 

t 

points  etc*  as  compared  with  carbides*  borides  and  nitrides.  In  this  way*eillcon  atoms 
either  weakly  strengthen  or  even  somewhat  weaken  the  lattices  of  basic  metals.  Ibis 
weakening  appears,  e*g*  with  a  reduction  in  melting  point  of  the  metals  during  tbs 
formation  of  silicidts  by  1*2  to  1*8  times)  but  the  simultaneous  rise  in  hardness 
results  in  the  formation  of  quite  strong  bonds  between  the  atoms  of  metal  and  silicon 
in  their  layers* 

I 

The  presence  of  introduced  stems*  structural  elements  frcsi  metalloid  atoms  ate* 
in  carbides*  nitrides*  borides  and  silicides  should  hamper  the  development  of  sliding 
processes*  whereby  it  is  considerably  more  effeotive^  than,  for  example*  the  forma¬ 
tion  of  solid  solutions  or  presence  of  lattice  distortions  in  pure  metals,  wham*  as 
was  pointed  out,  these  stressed  states  oan  be  relatively  easily  liquidated  by  diffu- 
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ales  processes^ 

*  « 

•  • 

la  metal-like  compounds  heterogeneities 
in  tho  scale  of  the  oleovtary  nucleus  can  1 
be  reduced  by  raising  the  temperature  tut 
only  to  such  a  degree,  in  which  the  bonds 
between  metal  a  tans  and  metalloids  weaken  (i.e, 
the  stressed  state  in  those  phases  is  not 

removed  all  the  way  to  melting),  attached  page  4*  flgur*  3 

i  *“'*'*  r‘TLf- 

It  is  known, that  the  maximum  value  of 

j 

critical:  shearing  stress,detennining  tha  ; 
resistance  of  the  crystalline  body  to  plastfe 
deformation  and  to  a  known  ectend  also 

I  i 

its  hardbess,constitutes  theoretically  ' 

'  Fig»3,Structural  elements  from  silioon  atoms 

about  0.1  of  the  displacement  nodulus,and  in  silicide  lattices!  a-graphite-lilca 
,  trickles  of  silicon  ate.  a;  b-ditto,but  cen 

practically  -  not  more  than  hundreds  and  tered  by  metal  a tons j  c-  diamond  like  corru 
i  gated  silicon  atom  sexaens. 

thousands  of  fractions. The  hardness/shear 

coefficient  ratio ,  for  thi3  reason  can  serve  as  a  measure  of  strengthening  the  metal 
or  alloy  under  given  conditions*. 

For  example,  according  to  Ya.S,Iknnskiy  for  low  melting  alloys  (capable  of  weaken¬ 
ing  in  the  process  of  plastic  deformation  at  room  temperature)  the  hardness4  ratio  of 
trmrinm  strengthened  alley  to  shear  coefficient  of  basic  metal  varies  between  0«52  to 
O.53,  and  for  alloys  with  melting  points  of  over  1300°C  it  reaches  up  to  0,082  -0.088. 

Analogous  G  ratios,  i.e.  where  %  -  microhardness  in  kg/im? ,have  been  calcu¬ 
lated  by  us  for  a  series  of  carbides  and  borides  {6^  and  are  listed  in  table  1 

i 

Die  0  ratio,  i*e.the  degree  of  strengthening, drops  with  a  decrease  in  inter - 


1.  3.1-l.Rovinskiy  M  on  the  basis  of  analyzing  exporiaaital  data  showed,  that  hardness 
of  annealed  metal  depends  linearly  upon  the  square  of  the  elasticity  modulus,and  oon- 
sequontly,  also  the  shear  coefficient.  Deviation  from  this  dependence  should,  in  this 
way,  serve  as  a  measure  of  none quil ibr ium  in  the  state  of  mstallio  lattice. 
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Figur*  3 
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stools  reaction  forces  frcn  0*263  for  QC  to  0.079  *0, 

Chble  l.Ccrcperison  of  shear  modulus  and  nierohardness  of  metal-llks 

compounds 


The  latter  value  is  close  to  such,  for  ordinary  high-melting  metals  and  alloys, and 

for  remaining  metal-like  phases  by  2-4  tines  higher,  than  for  high  molting, maxi  mm 
.  •  • 

strengthened  metals,  which  indicates  a  considerably  greater  strengthening  potential, 
of  these  phases  aa  compared  with  metals,  which,  in  spite  of  the  difficult  sliding  as 
result  of  at  cm  introduction  effect,  is  explained,  (and  this  appears  to  be  most  impor¬ 
tant)  by  greater  forces  of  interatomic  bond  of  these  compounds.  This  is  evident  by 
the  greater  importance  of  nierohardness  numbers  of  cetal-lito  phases  (table  2)  .which 
are  on  an  average  by  an  order  greater. than  for  corresponding  metals,  and  high  melting 
points. 

Calculation  of  energy  of  crystalline  lattices  for  a  series  of  metal-like  compounds 
by  the  use  of  the  method,  introduced  by  I.S.Sarkisov|7^j  with  consideration  of  parti¬ 
cipation  in  the  bond,  in  addition  to  s-,  also  of  d-electrons  of  the  metal (6 J  shows 
(table  2),  that  these  values  are  of  the  order-  of  magnitude  of  10^kcal/mol,  which  ex¬ 
plains  the  high  chemical  strength  of  these  phases,  their  greater  hardness  and  hi^i 
degree  of  strengthening,  expressed  by  the  ^»0  ratio* 

It  can  be  seen  that  maxim  on  bond  energy  is  possessed  by  carbides  and  nitrides 
and  lower  one  -  by  borides. 

.  The  hardness  of  metal-like  compounds  does  not  follow  parallsl  with  the  ohangs 
in  bond  energy,  and  depends  substantially  upon  the  structure.  For  example .  if  the 
energy  of  interatomic  reaction  in  borides  is  close  to  such  In  carbides  (ratio  Uk-tv^  i 
0.8),  then  the  greater  difficulty  in  shear  deformation,  caused  by  the 


FTD-TT-62-1841/1+2 


5 


strengthening  effect  of  structural  beren  atm  elements  in  boride  lattices, lead*  to 
the  point,  that  they  are  harder  than  the  carbides*  If  the  energy  of*  boride  lattices 
is  considerably  lover  than  such  for  carbides,  then  the  atrutural  factor  is  in  no  posi¬ 
tion  to  compensate  the  reduction  in  interatenie  bond  and  the  weakening  of  the  lattice# 

In  thi3  case  the  hardness  of  borides  is  lover  than  the  hardness  of  carbides#  In  nitri¬ 
des  the  hardittss#  as  a  rule,  is  1  over,  than  in  carbides  and  borides# 

The  high  energy  of  interatenie  reaction  in  metal-like  compounds  promotes  the 
strengthening  state  of  these  phases  to  very  high  temperatures,  close  to  melting  points# 

X  characteristic  feature  of  metal-like  compounds  appears  to  be  brittleness  and  low 
resistance  against  thermal  impact,  which  sharply  reduces  their  effective  strength  and 
limits  their  application  in  role  of  structural  materials# 

In  report [8*9]  wo  have  shewn, that  very  strong  interatomic  bonds  lead  to  consider¬ 
able  reduction  in  the  ability, of  crystalline  lattices  of  metal-like  phases, toward  re¬ 
laxation  of  elastic  stresses  during  mechanical  stressing  of  objects  from  these  substances 
Ibis  causes  localization  of  stresses  on  sdcrodefect s  in  the  »ne  of  stressing  and  the 
formation  of  cracking  sources#  Further  concentration  of  stresses  on  these  sources  leads 
to  their  progressive  development  and  toward  rapid  destruction  of  neta  1-like  bodies, 
bearing  the  nature  of  "brittle  fracture  •#,' 

In  the  role  of  measure  of  ability  of  solid  compounds  toward  the  relaxation  of 
elastic  stresses  can  be  considered  mean  sejuare  displacements  of  centers  of  structural 
ral  complexes  in  the  lattices  of  these  ca*counds£^,  calculated  by  elastic  constants# 

Heat  resistance  of  brittle  solid  bodies  should  to  a  considerable  degree  depend 

i 

upon  the  change  in  amplitude  of  thermal  oscillations  of  atoms  with  temperature# 

In  table  3  are  given  RMS  displacements  of  structural  complexes  for  certain  cccu 
pounds, calculated  from  experimental  values  of  linear  expansion  coefficients  of  poreleps 
samples  at  two  temperatures*  hence  it  is  evident,  heat  resistance  of  carbide  (aolybde- 

.  m  * 

nun  carbide)  should,  at  other  conditions  beir-c  equal,  exceed  the  beat  resistance  of  other 
carbidea^listed  la  the  table. 
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Table  3*  Change  in  RMS  displacement  of  structural  caaplexe* 
of  netal-like  phaeea  with  ter^perature 


Zirconium  bronide,  apparently,  shculd  be  uucb  more  haat  resistant,  tlian  caxbide,  ? 

and  this  explains  the  fact, why  the  latter  found  no  great  application  in  refractory 
criteria  Is,  while  boride  is  being  widely  used  for  the  very  same  purpose  in  •borolite* 
type  compounds#  Titanium  boride  should  have  a  much  lower  heat  r^istanc^nd,  as  is  j 
known,  it  has  no  ^reat  application  in  the  role  of  refractory  material#  By  the  intea- 

i 

sit/  of  the  originating  thermal  stresses  titanium  carbide  and  borides  Sr,  T  and  Nb  j 

are  cost  likely  close  to  each  other* 

A  ckaige  in  oscillations  amplitude  of  structural  complexes  with  tefltperature  is 
connected  with  their  mass  and  force  of  interatomic  reaction,  decreasing  with  its  increase* 
But  the  very  force  of  interatomic  reaction  generally  decreases  with  a  rise  in  mass  of 
the  M>I  caaplox,  i,e, there  is  a  rise  in  the  shielding  of  unfilled  d-3hell  of  the 
metal,  building  special  properties  of  metal-like  compounds* 

It  can  be  expected, that  the  least  change  in  RMS  displacements  of  structural  com¬ 
plexes  in  relation  to  temperature, will  characterize  I<b,3h,Cr  and  to  compounds  having 
'  suffici®  tly  high  atomic  mass  and  not  too  strong  screening  of  the  d-shell,  which  is 
eviden  from  comparing  the  energies  of  crystalline  lattices  of  metal-like  compounds. 

An  important  quality  of  heat  resistant  material  appears  to  be  the  coeffieiant 
of  linear  expansion  and  the  nature  of  its  change  with  temperature.  The  greater 

value  of  the  latter,  apparently, offers  a  greater  probability  for  the  origination  in 
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tha  body  of  thermal  stresses  of  znicroscopio  nature  and  irregular  distribution  of 

| 

due  to  the  presence  of  defects  in  the  body*  It  should  be  mentioned  however •  that  directs 
ly  from  the  value  of  thermal  linear  expansion  coefficient  It  is  impossible  to  deter¬ 
mine)  the  magnitude  of  thermal  stresses* originating  in  the  crystalline  lattice  of  the 

fcodjr* 

I 

In  table  4  ore  given  yaluos  of  linear  expansion  coefficients  of  a  number  of  metal* 

like  compounds  at  200  °C^nd  at  1000°C-change  in  percentages,  and  in  fig#4-the  temr>e rat ure 

dependence  th9  dependence  of  the  linear  expansion  coefficient* 

It  can  be  expected  frcm  these  data  that  carbide  objects  should  be  more  stable  against 

thermal  impact, than  boride  objects,  in  spito  of  the  fact  that  the  value  of  thermal 

of  thermal  stresses, as  it  appears  in  fig*4  366  ^°r  ^ 

Fig.ii *  Temperature  dependence  of  thermal 

for  2rB2,  1&2  and  ^^2  Is  lower  than  for  expansion  coefficients  of  metal-like  compounds* 

ZrC  and  Ti2C*  In  practice  borolite  objects  (Zr^  with  bundle  (10,11))  are  more  heat  ■ 

! 

resistant  than  frcm  TLC  and  even  ZrC,  but  objects  made  of  TiC  base  alloys  do  much  exceed 
the  heat  resistance  of  TiB2  -base  alloys.  Hie  high  heat  resistance  of  c  hr  cerium  boride 
is  known 

That  is  why  the  thermal  coefficient  of  linear  expansion  appoars  to  be  a  less  re¬ 
liable  characteristics  for  evaluating  the  intensity  of  thermal  stresses  in  a  crystalline 

i  ■ 

lattice  than  tho  RIB  displacement  (shear)  values  of  structural  complexes# 

! 

With  tho  increase  in  porosity  of  samples  tho  degree  of  rise  in  thermal  coefficient 

i  . 

of  linear  expansion  with  temperature  incroases*We  have  here*  naturally*  an  increase  . 

r 

in  irregularity  in  deformation  distribution  over  the  sample*  on  account  of  which  there 
could  appear  additional  thormal  stresses  of  macroscopic  nature ,a lthough  the  intensity 
of  stresses*  acting  in  the  volume  of  the  elementary  nucleus, remains  unchanged  (or 
practically  unchanged)  with  the  change  in  density  of  ths  sample*  From  this  viewpoint 
when  manufacturing  boundless  refractory  objects  preference  should  be  given  to  pore- 
less  items*  especially  since  there  is  a  substantial  rise  in  resistance  to  gaseous 
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corrosion  and  in  the  strength  of  objects*  But  an  increase  in  the  density  of  the  objeet 
together  with  a  certain  reduction  in  thorml  stresses  should  considerably  reduoe  the 
ability  of  the  object  in  scattering  the  col  gina  ting  stresses  on  macroscopic  scale, which 
for  metal-like  compounds  is  of  first  line  Importance  because  of  their  insignificantly 
low  plasticity  resource. 

Table  /^Dependence  of  thermal  expansion  coefficient  of  metal-like  compounds 
upon  temperature 


)  Hiase  l) thermal  expansion  cooff* 


J)  Rise  in  thermal  coeff,  +)  Increase 
_ in  range  of  200-1000°  in  % 


at  200c 


at  XXT 


- - — 1— — 

TKl  • 

74 

8.26 

0.96 

6.94 

8.4 

,  1,46  * 

1  MoC.  ' 

4.8 

5.93 

1,»3 

4.46 

5.1 

045 

i  .  *  ’ 

3,4 

4,72 

142 

:  tib, 

•  6.65 

8.2 

245 

4.46 

6.64 

2.19 

[ 

5.27 

7  fi 

2J23 

i  TiB, 

\  .  .. 

5.1 

7  A 

• 

W 

i«  ; 
21,1  •*. 
2ie  . 

u*  \  | 

39.0  1  i 
4M 

494  . 

42.4 

37.4  1 


Tlhe  lower  the  intensity  of  thermal  stresses  in  the  crystalline  lattice  of  the  sub- 
s tame  and  the  £p?eater  the  dispersibility  of  the  lattice  with  respect  to  elastic 
stresses,  the  denser  should  be  the  object,made  from  this  substmxce# 

Important  qualities  of  ire t a  1- like  compounds  as  refractory  materials  appear  to  be* 
their  malting  points#  lhese  compounds  are  very  high  melting,  whereby  their  melting 
point,  as  is  evident  from  table  2,  rises  vith^  the  increase  in  the  number  of  the  metallic 
components  in  the  group,  just  as  it  is  for  jure  metals,  which  points  toward  the 
greater  role  in  the  heat  resistance  of  these  compounds  of  metal-oetal  bonds  and  mss 
of  structural  complexes* 

Tfeking  into  consideration  the  above  described  qualities  of  metal-like  compounds, 
it  should  be  concluded,  that  for  effective  utilization  of  asms  in  role  of  best 
resistant  materials  it  is  necessary  to  obtain  compounds, possessing  not  too  high  inter- 
attain  reaction  forces  and  simultaneously  not  very  high  mass  of  structural  complex, 
which  will  increase  the  ability  of  these  substances  toward  relaxation  of  elastic 
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stress©*,  reduce  their  brittleness  and  raise  the  resistance  to  thernal  impact,  i,e, 
will  allot  a  store  thorough  utilization  of  the  high  potential  strength  of  metal- like 
oaapounds, 

I 

For  the  realization  of  other  principal  possibilities  of  preparing  refractory  al» 

l 

leys-  by  separating  finely  dispersed  structural  c opponent  or  formation  of  a  honeycomb 
(skeletal)  structure-  it  is  necessary  to  make  a  thorough  investigation  of  phase  dia¬ 
grams  of  corresponding  systems  of  metal-like  compounds,  especially  with  small  ch&go 


in  solubility  in  solid  state  with  temperature,  i,e,  with  sloping  curve  of  solubility 
boundary.  In*  the  role  of  an  example  it  is  possible  to  bring  forth  alloys  of  the  ZTB^-CtI, 
Cr)Bfc  profilr,  investigated  by  K.I.Fortniy  and  one  of  the  authors 

Hie  application  of  this  principle  to  a  greater  number  of  objects  will  allow, 
evidently,  to  reach  the  obtainnant  of  alloys,  capable  of  withstanding  considerable 

t 

lon&  lasting  loads  at  high  temperatures*  We  speak  here  of  alloys  without  metallic  , 
bundles,  which  is  highly  important  in  this  respect,  that  the  budle  adds  ordinarily,  in  * . 
addition  to  a  rise  in  strength,  a  whole  series  of  negative  factor,  such,  as  increased 
coddizability,  creeps bill ty,  low  natural  heat  resistance. 
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